Abstract: Stable isotope analyses of food webs have been used in previous decades to determine trophic sources and food web structures. The use of stable isotope models to estimate consumption contributions is based on a type of multivariate beta distribution called the Dirichlet distribution. The Dirichlet distribution does not conclude the p i = 0 and p i = 1 situation. Thus, scientists have previously assumed that every potential trophic source contributes to consumption in stable isotope models. However, animals have dietary preferences and some trophic resources may not contribute to consumption. Less is known about the effects of species-specific dietary processes on stable isotope analyses, especially in regard to trophic contribution estimation. In this study, we develop methods to determine consumers' "real potential trophic sources" and "discrimination factors" using lab-based observations and lab-based discrimination experiments. We describe a dietary process-based stable isotope mixing model (D-SIMM) that integrates lab-based dietary preference observations and the stable isotope mixing model (SIMM) to estimate trophic contributions. Then, we present the application of D-SIMM on three representative macroinvertebrate species in our study area (sea urchin: Anthocidaris crassispina (A. crassispina); gastropod: Turbo cornutus (T. cornutus); and mussel: Septifer virgatus (S. virgatus)) to re-evaluate source-consumer contributions. Thus, we compare the differences between the source contribution estimation results of SIMM and D-SIMM by calculating the standardized convex hull area (TA) of species-specific trophic sources and the consumer standard ellipses area (SEA) of the potential trophic source group. Three examples illustrate significant differences in species-specific dietary preferences between consumers, resulting in systematic difference for TA, SEA and trophic source contribution estimation results between SIMM and D-SIMM. As such, D-SIMM explains p i = 0 of certain trophic sources, which often causes uncertainty and is ignored in previous SIMM research. In addition, species-specific discrimination factors should be noticed during trophic source estimation. For estimation of the trophic contribution of source-consumers, our findings imply that the dietary preferences of consumers should be fully considered before SIMM analysis, and that D-SIMM is a more ecological process and robust measure. Additionally, we found high macroalgae (MAC) coverage in seaweed beds and a high detritus contribution of MAC to sedimentary organic matter (SOM). These findings, combined with the high contributions of MAC and SOM to consumers, suggest that MAC and its debris are the basal trophic sources for gastropods, sea urchins and mussels in seaweed bed habitats. The conservation of seaweed beds should be fully considered to ensure sustainable utilization of shellfish.
Introduction
Understanding the structure and function of habitats requires information on trophic interactions, energy and material flow patterns [1] [2] [3] . The seaweed bed is acknowledged as the most productive habitat on earth, and its net primary production (NPP) can reach as high as 0.5-3.5 kg·C/m 2 per year [4, 5] . In seaweed bed habitats, benthic primary producers (e.g., macroalgae and microphytobenthos) and pelagic primary producers (e.g., phytoplankton) provide abundant food sources for grazing food chains [6] . Thus, large amounts of detritus produced by primary producers are transported by hydrodynamic forces and the sedimentation-resuspension effect, leading to a complex composition of sedimentary organic matter (SOM) and suspended particulate organic matter (SPOM). This provides more attractive trophic sources for the detritus food chain [7, 8] . In general, macroalgae, microphytobenthos, phytoplankton and their detritus (both SOM and SPOM) make up trophic source diversity and there is a strong benthos-pelagic coupling effect in seaweed bed habitats [9, 10] .
The high trophic source diversity in seaweed bed habitats can influence secondary production assemblage through either the grazing food chain or the detritus food chain, especially in macroinvertebrate communities [11] . In marine ecosystems, secondary production is the linkage between primary producers and higher trophic level organisms through the utilization of food sources, the support of all species, from the prey to the top consumer (bottom-up), and the increased complexity of the food web structure [12, 13] . In the past, studies on functional groups have helped determine the relationship between diversity, community structure, and function, and to get a clear idea about the material and energy flow in ecosystems. Descriptions of secondary production assemblages in seaweed beds have revealed a high level of diversity and species abundance. However, the material and energy flow across functional groups of primary and secondary production have been less studied than natural patterns, abundance or biomass [14] .
In view of the trophic complexity and the lack of description of material and energy flow patterns in seaweed bed habitats, it is clear that alternative and quantitative procedures are needed to estimate the relationship between trophic sources and different functional groups of consumers. Numerous techniques have been used to draw inferences, which can be grouped into two types of procedures: indirect approaches, such as stable isotope analysis, protein analysis and fatty acid analysis; and direct approaches, such as gut content analysis (including gut content digest proportion and content frequency) and dietary observations (including descriptions of motivation, consumption and dietary preferences) [15] [16] [17] . In particular, the stable isotopes analysis (SIA) and stable isotope mixing model (SIMM) are commonly used to analyze food-web structures. Trophic interactions and analysis of animal diet compositions are done by calculation of the relative contribution of each food source to the diet [18] . In recent studies, the rapid growth of SIMM methods has integrated the SIMM with Bayesian frameworks, the Markov Chain Monte Carlo (MCMC) sampling procedure, measurement errors, and source and mixture process errors to provides a fully consistent statistical foundation. However, although SIMM tools (such as IsoSource, IsoError, MixSIR, SIAR, IsotopeR, and MixSIAR) have improved our ability to utilize solid statistical foundations to partition ecological process features (for example, the different contributions of dietary sources, different assimilation efficiencies for dietary sources, and variation associated with predicted discrimination factors), they still have several limitations [19] . In general, the SIMM framework is based on a multivariate beta distribution, known as the Dirichlet distribution, which excludes the p i = 0 situation. Specifically, in SIMM, every trophic source in the food-web is treated as a "potential source" and assumed to contribute to consumers. Further, each consumer is considered to be a generalist species. However, this may cause bias during the estimation of source contribution to specific consumers ( Figure 1 ). Ogle suggested the most critical limitation of SIMMs is that they provide limited mechanistic insight [20] . Specifically, they do not explicitly incorporate additional models or data reflecting underlying processes that affect the source contribution estimation. The above limitations of the assumptions of SIMMs (Figure 1 ) lead to underlying and fundamental problems of stable isotope analyses. What are the real potential food sources of macroinvertebrates and how will dietary selection affect the prediction of SIA? Fortunately, direct approaches can overcome the above limitations and illustrate species-specific interactions between trophic sources and consumers. Nevertheless, due to the small-size spectrum of many trophic sources (such as phytoplankton, POM) and macroinvertebrates, or feeding behaviors (such as grazing or filter-feeding) of some consumers, it is extremely difficult to obtain sufficient and reliable data for stomach analysis to allow prey identification. In this case, lab-based observation is a more appropriate method for qualitative evaluation of species-specific selection strategies and the supply of information about pi = 0 and pi = 1 situations [21, 22] .
Our study has three main objectives: (1) to determine the macroinvertebrate dietary types in seaweed beds by dietary observation and identify their real dietary sources; (2) to estimate the contribution of dietary sources to macroinvertebrates in seaweed beds by SIMMs; and (3) to verify the results of dietary observations and the SIMMs dietary contribution estimation by investigation of the δ 13 C and δ 15 N stable isotope signatures of trophic sources and consumers to solve the uncertainty and discrepancies between the traditional stable isotope technique and consumer-diet interactions; and (4) to investigate the use of a new framework named D-SIMM that combines dietary observation data and stable isotope analysis data, to recalculate the trophic resource contributions of different potential trophic sources.
Materials and Methods

Study Site
The Gouqi Island seaweed bed (GISB) is located in the Maan Archipelago Marine Protect Area (MAMPA) of the East China Sea (Figure 2 ). The environment within the MAMPA is a consequence Ogle suggested the most critical limitation of SIMMs is that they provide limited mechanistic insight [20] . Specifically, they do not explicitly incorporate additional models or data reflecting underlying processes that affect the source contribution estimation. The above limitations of the assumptions of SIMMs (Figure 1 ) lead to underlying and fundamental problems of stable isotope analyses. What are the real potential food sources of macroinvertebrates and how will dietary selection affect the prediction of SIA? Fortunately, direct approaches can overcome the above limitations and illustrate species-specific interactions between trophic sources and consumers. Nevertheless, due to the small-size spectrum of many trophic sources (such as phytoplankton, POM) and macroinvertebrates, or feeding behaviors (such as grazing or filter-feeding) of some consumers, it is extremely difficult to obtain sufficient and reliable data for stomach analysis to allow prey identification. In this case, lab-based observation is a more appropriate method for qualitative evaluation of species-specific selection strategies and the supply of information about p i = 0 and p i = 1 situations [21, 22] .
Materials and Methods
Study Site
The Gouqi Island seaweed bed (GISB) is located in the Maan Archipelago Marine Protect Area (MAMPA) of the East China Sea (Figure 2 ). The environment within the MAMPA is a consequence of low traditional fishery activities, minimal fishery activity disturbance and strict management control. Field studies were conducted in subtidal areas, which are largely flat and consist of fine sediment and cobble beds with a relatively subtidal rocky slope, extending about 30 m along and 15 m perpendicular to the shore. A high coverage of diverse macroalgae (MAC) and abundant phytoplankton (PHY) were recorded in GISB in a previous study [23] . Despite the above potential source of grazing food chain, SOM (e.g., sediment mix with a range of benthic microalgae, visible as a thick brown-green film on the rock), SPOM and particulate organic matter in bottom layer (BPOM) comprise the detritus food chain source in the GISB habitat. Various food sources of both grazing and detritus food chains and rocky reef slopes make up the seaweed bed habitat. In this study, MAC, SOM, SPOM and BPOM were assumed to be potential food sources in the study area. of low traditional fishery activities, minimal fishery activity disturbance and strict management control. Field studies were conducted in subtidal areas, which are largely flat and consist of fine sediment and cobble beds with a relatively subtidal rocky slope, extending about 30 m along and 15 m perpendicular to the shore. A high coverage of diverse macroalgae (MAC) and abundant phytoplankton (PHY) were recorded in GISB in a previous study [23] . Despite the above potential source of grazing food chain, SOM (e.g., sediment mix with a range of benthic microalgae, visible as a thick brown-green film on the rock), SPOM and particulate organic matter in bottom layer (BPOM) comprise the detritus food chain source in the GISB habitat. Various food sources of both grazing and detritus food chains and rocky reef slopes make up the seaweed bed habitat. In this study, MAC, SOM, SPOM and BPOM were assumed to be potential food sources in the study area. 
Sampling
Potential Food Sources
The water depth, temperature, salinity and dissolved oxygen in water were measured monthly at the sample site. In addition, we used a Biosonic-DX sonar detector to estimate the coverage and height of MAC. The average macroalgae coverage was more than 80% of the study site; all environmental results mentioned above are presented elsewhere. Samples were collected from the study site (Figure 2 ), seasonal from May 2013 to May 2015. Three sampling stations (400 m × 50 m) and nine line transects (50 m) were randomly set across the depth gradients of line transects in seaweed bed habitats (S1, S2 and S3).
Four groups of potential food sources were sampled: macroalgae (MAC), sedimentary organic matter (SOM), suspended particulate organic matter (SPOM), and benthic particulate organic matter (BPOM). Underwater sampling was conducted by scuba diving over a period of 2-3 consecutive days (seasonal). Quadrat frame samplers (30 cm × 30 cm) were used to sample the MAC. MAC were qualified from three replicate quadrat frame samplers set across the depth gradients of line transects (1 m each, 1-5 m, n = 15/transect) in seaweed bed habitats (S1, S2 and S3). Using a fine mesh dipnet 
Sampling
Potential Food Sources
Four groups of potential food sources were sampled: macroalgae (MAC), sedimentary organic matter (SOM), suspended particulate organic matter (SPOM), and benthic particulate organic matter (BPOM). Underwater sampling was conducted by scuba diving over a period of 2-3 consecutive days (seasonal). Quadrat frame samplers (30 cm × 30 cm) were used to sample the MAC. MAC were qualified from three replicate quadrat frame samplers set across the depth gradients of line transects (1 m each, 1-5 m, n = 15/transect) in seaweed bed habitats (S1, S2 and S3). Using a fine mesh dipnet (25-µm mesh), MAC within the samplers were collected, rinsed in distilled water to remove associated organisms and then immediately frozen in plastic bags on the boat. The MAC samples were run in two separate analyses. In the first analysis, 13 species of fresh MAC were fed as the diet during the diet selection observation. In the second analysis, 13 species of MAC were stored in individual bags and preserved in a cooled state for posterior stable isotope analyses. Thus, the MAC were classified into dominant species of macroalgae (DMAC, IRI > 20 or Y > 0.02) and rare species (IRI < 20 or Y < 0.02) according to the IRI and Y of the macroalgae community used in a previous study.
where N stands for the abundance of species i as a proportion of the total abundance, W stands for the proportion of species i in the total biomass, and F stands for the species occupancy frequency.
where n i stands for the number of individuals, N stands for the total number of MAC, and f i stands for the frequency of MAC i.
For each site, samples of sediment organic matter (mixed vegetative sediment, detritus and phytomicrobenthos) were obtained (seasonal) with a designed sediment trap (2 cm width × 20 cm height) dug on the rocky surface from May 2013 to May 2014. Three replicate sediment traps were set across the depth gradient line transects (1 m each, 1-5 m, n = 15/transect). Every other week, we took the sediment and interstitial water samples by scuba diving with the trap tube, placed them in 2 L PVC bottles and froze them. We classified the sedimentary organic matter in the seaweed bed habitats as SOMA and that outside the seaweed bed as SOMB.
Phytoplankton samples were obtained from seaweed habitats with a phytoplankton net (mesh size = 35 µm). The samples were washed with distilled water, filtered through two experimental bolt panels (250 µm mesh, 160 µm mesh) and a GF/F membrane (0.7 µm pore size, Waterman: Ningbo, China). To remove the organic matter on the membrane, the membrane had been heated in a muffle furnace at 550 • C for 6 h before the experiment. Membrane samples were examined under a light microscope to confirm that they were free of zooplankton; all filter phytoplankton samples were then frozen.
A water sampler was used to collect three 2 L samples from both the surface and bottom layers of water. These were maintained on ice and transported to the laboratory within 4 h. SPOM and BPOM samples were filtered through an experimental bolt panel (250 µm mesh) and GF/F membrane (0.45 µm pore size, Waterman, Ningbo, China). As with the phytoplankton samples, the SPOM and BPOM membrane samples were examined under a light microscope to confirm that they were free of zooplankton, and then, they were frozen.
Consumers
Three representative macroinvertebrate samples (gastropod, sea urchin and mussel) were collected from the study site (see Section 1) by scuba diving from May 2013 to May 2015 (seasonal) from the three sampling stations, as previously described.
The macroinvertebrate samples were run in two separate analyses: a stable isotope analysis and lab-based diet observations. For the stable isotope analysis, 17 sea urchins (A. crassispina), 26 gastropods (T. cornutus) and 41 mussels (S. virgatus) were run in the stable isotope analysis. Muscle tissue from gastropods (foot tissue) and mussels (adductor) and gonads from sea urchins were excised, rinsed in distilled water and frozen in plastic bags.
Species-Specific Diet Selection Observation
Lab-based diet observations were completed in 60 L macroinvertebrate feeding tanks ( Figure 3 ) for six weeks (July-August 2013) in the Gouqi Island laboratory; 576 gastropods and 576 sea urchins were obtained from three sites (S1, S2, and S3) by scuba diving. In the laboratory, we simulated the average field environmental conditions (e.g., 20 • C constant mean temperature, with 0.7-1.4 µmol/L and 0.13-0.30 µmol/L total phosphorous, and 4.91 ± 1.74 mg/L dissolved organic carbon). Gastropods and sea urchins obtained from the field were immediately sent to the laboratory and put in macroinvertebrate feeding tanks. Both species were then left to equilibrate to tank conditions and were starved for two days prior to the diet selection experiments. The lab-based experiments were run in two separate trials: species-specific dietary selection and species-specific discrimination. average field environmental conditions (e.g., 20 °C constant mean temperature, with 0.7-1.4 μmol/L and 0.13-0.30 μmol/L total phosphorous, and 4.91 ± 1.74 mg/L dissolved organic carbon). Gastropods and sea urchins obtained from the field were immediately sent to the laboratory and put in macroinvertebrate feeding tanks. Both species were then left to equilibrate to tank conditions and were starved for two days prior to the diet selection experiments. The lab-based experiments were run in two separate trials: species-specific dietary selection and species-specific discrimination. The dietary selection experiments of gastropod and sea urchin all involved single diet treatments (16 tanks each time, replicated six times). A single diet treatment consisted of feeding an adequate amount of a single potential food source (from 13 species of MAC, POM, PHY and SOMA, see details in Table 1 ) to six consumers (gastropod or sea urchin) in each tank. All potential macroinvertebrate food sources were collected from the same habitat (sampling procedure shown in Section 2.2). These food sources were chosen since they are different functional primary producer groups and represent the potential trophic source diversity in a seaweed bed habitat. Each day, food and filtered seawater were changed, MAC and SOMA were weighed, concentrations of PHY and SOMA were detected, and dead consumers were removed to minimize bias during the diet process of consumers (e.g., consumption of faces, decomposing MAC or PHY materials). The rates of MAC consumption and gastropod mortality were used to evaluate the dietary selection of macroinvertebrates. Specifically, if the mortality (M) of consumer M was >90%, we defined that the source as being unavailable for that consumer and removed the correspond stable isotope value from the source data pool. If 90% ≥ M ≥ 10%, we defined the source as a neutral source and retained the corresponding stable isotope value in the source data pool. If M < 10%, we defined the source as a favorable source for the consumer that corresponded to a stable isotope value in the source data pool. The dietary selection experiments of gastropod and sea urchin all involved single diet treatments (16 tanks each time, replicated six times). A single diet treatment consisted of feeding an adequate amount of a single potential food source (from 13 species of MAC, POM, PHY and SOMA, see details in Table 1 ) to six consumers (gastropod or sea urchin) in each tank. All potential macroinvertebrate food sources were collected from the same habitat (sampling procedure shown in Section 2.2). These food sources were chosen since they are different functional primary producer groups and represent the potential trophic source diversity in a seaweed bed habitat. Each day, food and filtered seawater were changed, MAC and SOMA were weighed, concentrations of PHY and SOMA were detected, and dead consumers were removed to minimize bias during the diet process of consumers (e.g., consumption of faces, decomposing MAC or PHY materials). The rates of MAC consumption and gastropod mortality were used to evaluate the dietary selection of macroinvertebrates. Specifically, if the mortality (M) of consumer M was >90%, we defined that the source as being unavailable for that consumer and removed the correspond stable isotope value from the source data pool. If 90% ≥ M ≥ 10%, we defined the source as a neutral source and retained the corresponding stable isotope value in the source data pool. If M < 10%, we defined the source as a favorable source for the consumer that corresponded to a stable isotope value in the source data pool. Thus, the feeding functional group definition approach expands earlier methods by classifying predators based on mobility, feeding mode and diet preference mode with the following traits: mobility (mobile, semi-mobile, and sessile); feeding mode (jawed, tentaculate, and others, e.g., filter); and feeding preference (herbivore, carnivore, detritus feeders, and deposit feeders) [24, 25] .
Estimation of Discrimination between Diets and Macroinvertebrates
The species-specific selection experiments indicated that some sources could be eliminated while previous research reported that some sources could be combined. Beyond the diet selection, discrimination factors, defined as isotopic shifts between the diet and consumer, were assumed to be valid for all trophic levels in a previous study. However, the present study showed that the discrimination factor values are consumer-diet specific [26] . To monitor the discrimination factor values of macroinvertebrates and to allow precise estimation of the potential range of potential contribution, we used the second D-SIMM trial (e.g., discrimination factor) to design species-specific discrimination (or fractionation) values (∆). After 42 days of diet observation, gastropod foot muscle tissue and sea urchin gonads were removed for the stable isotope analysis.
Stable Isotope Analysis
In the laboratory, all stable isotope analysis samples (consumers: gastropod foot tissue, mussel adductors and sea urchin muscle; prey: MAC, SOM, SPOM, BPOM, and PHY; see details in where X represents 13 C or 15 N and R is the 13 C/ 12 C or 15 N/ 14 N ratio. Pee Dee Belemnite standard (PDB) and atmospheric N 2 were used as the carbon and standard, respectively [27] .
We described the diet-consumer specific discrimination (∆) with the following formula:
where ∆ 13 C is the average δ 13 C discrimination of consumer (%) to diet i, δ 13 C consumer,i is the δ 13 C value of consumer after 42 days of feeding with diet i, n is the total number of diet items consumed, ∆ 15 N is the average δ 15 N discrimination of the consumer (%) to diet i, and δ 15 N consumer,i is the δ 15 N value of the consumer after 42 days of feeding with diet i. The standard deviations (SD) of ∆ 13 C were calculated as
The standard deviations (SD) of ∆ 15 N were calculated as
To estimate the contributions of certain diets more precisely, the carbon and nitrogen values of consumers were corrected prior to inclusion in MixSIAR using species-specific ∆ 13 C, ∆ 15 N, SD ∆ 13 C and SD ∆ 15 N , and the details are shown in Table 4 .
Data Analysis
Statistical analyses were performed in R, version 3.2.4 [28] . To estimate the approximate potential trophic source contributions to representative macroinvertebrate species, three species-specific models (gastropod, sea urchin and mussel) were constructed based on integration of the mixing model, MixSIAR, and dietary preference observation data. MixSIAR (V. 3.1.6 program, Brian Stock et al.) is a Bayesian mixing model that improves simpler linear mixing models; it incorporates several years of advances in the Bayesian mixing model theory by explicitly including the uncertainty in source values, categorical and continuous covariates and prior information [29] . In MixSIAR, estimations of the contribution of posterior probability sources to macroinvertebrates were simulated by Markov chain Monte Carlo sampling (e.g., MCMC sampling, chain length = 1,000,000, burn in = 50,000, thin = 500, chains = 3) and the following isotopic information was incorporated into the model: Firstly, means and standard deviations of sources based on previous SIMM hypotheses (all consumers have the same diet) and the diet selection experiment (consumers have species-specific diet selection and some trophic resources may have no contribution to certain consumers) were included. Source data were selected based on the criteria described in the diet observation section. Secondly, the mean values and standard deviations of species-specific diet-consumer discrimination were included. In this study, we assumed that ∆ 13 C sea urchin = 1.93 ± 1.1 and ∆ 13 C gastropod = 0.43 ± 0.13, based on a lab-based experiment. In addition, ∆ 13 C mussel−PHY = 2.17 ± 0.32, ∆ 13 C mussel−MAC = 0.35 ± 0.35, ∆ 13 C mussel−SOM = 0.99 ± 0.74, and ∆ 13 C mussel−POM were calculated for mussels in lab-based discrimination experiments in a previous study (see details in Table  4 ). As for ∆ 15 N, we assumed the general values of ∆ 15 N gastropod = 1.43 ± 0.8 and ∆ 15 N sea urchin = 0.80 ± 0.20, based on the diet selection experiment. In addition, ∆ 15 N mussel−MAC = 3.45 ± 0.21, ∆ 15 N mussel−SOM = 3.37 ± 0.59, ∆ 15 N mussel−POM = 3.33 ± 0.71, and ∆ 15 N mussel−PHY = 3.78 ± 0.29 because in the mussel consumer-diet, ∆ 15 N, which was summarized in a previous reference (Table 4) . Thirdly, consumer isotopic signature data (raw data of single consumer) were used. Fourth, a Dirichlet distribution was used prior to the proportion estimation (recommended by Jackson et al. and incorporated in Moore et al. [30, 31] ).
The differences between of mean isotopic signatures (SOMA vs. SOMB and BPOM vs. SPOM) and discrimination values were tested using Student's t tests and Fisher's F tests [32] . Then, before the isotopic width analysis, we used two default diagnostic tests to test the MCMC posterior estimation: Gelman-Rubin and Geweke tests [33] . To compare the trophic niche estimation results between SIMM and D-SIMM, multivariate ellipse metrics were tested under a hypothesis-testing framework proposed by Jackson et al. [30] . This analysis generates standard ellipse areas (SEA) which are bivariate equivalents to standard deviations in a univariate analysis. We used SEA values corrected for small sample size (SEA C ) to calculate the niche overlap and generate Bayesian estimates of SEA (SEA B ) to test differences in trophic niches by comparing their 95% credible limits. Thus, a comparison of trophic contribution estimation between SIMM and D-SIMM was established based on hypotheses from previous studies (all consumers have the same diet) and this study (inputting species-specific diet selection information, respective data pool based on our diet selection and source-consumer specific discrimination).
Furthermore, as Saitos mentioned, estimations of source-macroinvertebrate interactions have often been static approximations [34] . Therefore, due to the lack of species-specific stable isotope turnover time information, we used muscles and gonads to represent a long period to allow a stable isotope analysis of diet, and we assumed the observed stable isotope values were representative of average source-macroinvertebrate interactions over the year model.
Results
Dietary Observations: Mobility, Mode and Preference
Dietary observation experiments of three representative macroinvertebrates were conducted to illustrate the functional group categories of each species and to obtain a precise description of the diet-macroinvertebrate interaction relationship. Following the dietary observation experiment, three representative macroinvertebrates were classified into two functional groups: sea urchins and gastropods are semi-mobile jawed surface omnivores and mussels are sessile filter-feeders (Table 2) . Although sea urchins and gastropods belong to the same functional group, the MAC-specific selection experiments showed differences in selection strategy between sea urchins and gastropods (Table 3) : sea urchins showed a more generalist diet selection for MAC. Specifically, Codium fragile, Chondria crassicaulis and Hypnea cervicornis J.Ag. could be only utilized by sea urchins, and sea urchins showed a higher survival rate when fed Sargassum horueri and Ishige okamurai. Moreover, calcareous red algae (Corallina officinalis and Jania decussato-dichotoma) could not be consumed by sea urchins or gastropods. Mussels were able to feed on MAC, PHY, SOM and POM; in this case, we used all potential stable isotope information for the estimation of the diet composition of mussels [23] . 
Stable Isotope Analysis and Source Contribution Evaluation
There was a large difference in both the macroinvertebrate species-specific data pool and macroinvertebrate-MAC-specific selection data pool ( Table 4 ). The macroinvertebrate species-specific (Figures 4 and 5 ) and source functional group (Figure 4 , Table 5 ) SIBER results showed differences in the isotopic niche width between SIMM and D-SIMM. For the data pool sources (Figures 4  and 5) , significantly higher TA and δ 13 C values of SIMM implied that negligence of species-specific diet selection will significantly overestimate the trophic niche space and trophic source diversity. In addition, differences in CD, NND and SDNND between SIMM and D-SIMM (gastropod and sea urchin) should be noted since they indicate discrepancy in the average degree of source diversity of macroinvertebrates, prey redundancy and even the distribution of the source niche.
Similarly, for the macroinvertebrate-MAC-specific selection data pool, we adjusted the macroinvertebrate-MAC-specific selection effects in both DMAC and RMAC data pools. The SEA and SEA C of DMAC and RMAC were different between SIMM and D-SIMM. The SEA and SEA C indexes of D-SIMM were higher than those of the gastropod D-SIMM and sea urchin SIMM analyses ( Table 5) . The above comparison indicates that macroinvertebrate-MAC selection strategy is species-specific and affects the discrepancy of the structure of the source data pool. and sea urchin) should be noted since they indicate discrepancy in the average degree of source diversity of macroinvertebrates, prey redundancy and even the distribution of the source niche.
Similarly, for the macroinvertebrate-MAC-specific selection data pool, we adjusted the macroinvertebrate-MAC-specific selection effects in both DMAC and RMAC data pools. The SEA and SEAC of DMAC and RMAC were different between SIMM and D-SIMM. The SEA and SEAC indexes of D-SIMM were higher than those of the gastropod D-SIMM and sea urchin SIMM analyses ( Table 5) . The above comparison indicates that macroinvertebrate-MAC selection strategy is speciesspecific and affects the discrepancy of the structure of the source data pool. After integrating the results from the dietary selection observation and the stable isotope discrimination data into MixSIAR, the species-specific sources contribution estimation and comparisons between SIMM and D-SIMM were established. Figure 6 represents the estimated proportions of each dietary source to the gastropods ( Figure 6A ), sea urchins ( Figure 6B ) and mussels ( Figure 6C ). The estimation of macroinvertebrate contribution varied notably with the inclusion of every potential source (SIMM, p i = 0 situation) and the exclusion of certain potential sources (D-SIMM, p i = 0 situation). Both SIMM and D-SIMM outcomes showed high variability in the relative contributions of the macroalgae-dominant sources (SOMA, DMAC and RMAC). It is noteworthy that, after excluding the p i = 0 situation of both PHY and SPOM, the gastropods and sea urchins had broader confidence intervals of MAC (RMAC + DMAC, D-SIMM: 15.1% + 23.6% vs. SIMM: 22.0% + 14.7%), SOMA (D-SIMM: 50.5% vs. SIMM: 45.1%) and BPOM (D-SIMM: 10.9% vs. SIMM: 6.3%) in D-SIMM than in SIMM. Overall, SOMA was the most important resource in both species (gastropod: mean = 35.6% ± 9.9%, 95% interval: 14.4-54.8%; sea urchin: mean = 50.5% ± 9.7%, 95% interval: 30.9-68.1%). RMAC and DMAC also contributed as major dietary sources to both gastropods and sea urchins, whereas RMAC was the second most important dietary source for gastropods (28.0 ± 18.2%, 95% interval: 1.3-65.4%) and sea urchins (23.6 ± 15.1%, 95% interval: 1.4-55.4%) and DMAC was the third most important dietary source for gastropods (26.6 ± 16.0%, 95% interval: 1.6-60.5%) and sea urchins (15.1 ± 10.1%, 95% interval: 0.9-41.1%). However, for mussels, BPOM was the main dietary source (mean = 44.3% ± 12.2%, 95% interval: 23.3-70.2%), followed by SOMA (mean = 24.3% ± 15.9%, 95% interval: 11.3-57.6%) ( Figure 6C ). Overall, SOMA was the most important resource in both species (gastropod: mean = 35.6% ± 9.9%, 95% interval: 14.4-54.8%; sea urchin: mean = 50.5% ± 9.7%, 95% interval: 30.9-68.1%). RMAC and DMAC also contributed as major dietary sources to both gastropods and sea urchins, whereas RMAC was the second most important dietary source for gastropods (28.0 ± 18.2%, 95% interval: 1.3-65.4%) and sea urchins (23.6 ± 15.1%, 95% interval: 1.4-55.4%) and DMAC was the third most important dietary source for gastropods (26.6 ± 16.0%, 95% interval: 1.6-60.5%) and sea urchins (15.1 ± 10.1%, 95% interval: 0.9-41.1%). However, for mussels, BPOM was the main dietary source (mean = 44.3% ± 12.2%, 95% interval: 23.3-70.2%), followed by SOMA (mean = 24.3% ± 15.9%, 95% interval: 11.3-57.6%) ( Figure 6C ). Moreover, although the 95% Bayesian interval range of each diet (SOMA, DMAC, RMAC and BPOM) in gastropod D-SIMM and sea urchin D-SIMM seemed to have a wider range of variation, the DIC value of gastropod D-SIMM (DIC = 600.36) was smaller than that of gastropod SIMM (DIC = 889.84) and the same trend was found for the comparison between sea urchin D-SIMM (DIC = 600.801) and sea urchin SIMM (DIC = 840.75) ( Figure 6A,B) . The DIC result showed that the D-SIMM result was more precise when diet proportion estimations were simulated by MCMC sampling (chain length = 1,000,000, burn in = 50,000, thin = 500, chains = 3). 
Discussion
Comparison between SIMM and D-SIMM
The identification of important feeding links between sources and consumers, and the definition of trophic structure through stable isotope analysis has been an active area in the last 40 years. However, it was previously unknown whether a clear view of dietary preference effects on diet estimation could be achieved from SIMM. Further, what we could learn from understanding the complexity and intricate linkages between dietary preferences and the SIMM framework was also unknown. Information about animal diets leads to insight into trophic interactions and niche variability. Through diet observation experiments, we confirmed that gastropods (T. cornutus) and sea urchins (A. crassispina) are semi-mobile jawed surface omnivores. In addition, sea urchins showed a more generalist diet selection in terms of MAC. Several studies have shown methods to estimate source-specific discrimination factors based on the isotopic signatures of food sources. Our speciesspecific discrimination results indicated that the discrimination factors of macroinvertebrates are species-source-specific and are affected by a discrimination process in organism tissues. Speciessource-specific discrimination factors should be determined by lab-based experiments before added into SIMM. These results agree with the macroinvertebrate-source relationship of a dietary selection strategy and species-specific discrimination values described by Gates for rocky reefs in Australia (gastropods and sea urchins) and for Lake Erie in USA (mussels) [39, 40] .
For comparison between source data pools, since ANOVA is based on Z-distribution and our mixture model is based on posterior framework (multivariate normal distribution), we did not use ANOVA to test the differences of posterior estimation contribution between D-SIMM and SIMM data pools. SIBER (Stable Isotope Bayesian Ellipses in R) is often used to compare isotopic niche widths among and within communities. Beyond describing individual components of a community and isotopic structure of functional groups, here, we used SIBER as a robust and objective tool to compare the structures of the SIMM and D-SIMM data pools and to illustrate how dietary preferences affect the estimation of sources. The SIBER results supported the proposal that dietary preferences have effects on the isotopic data pool: significant differences in the δ 13 C range, TA, CD, NND and SDNND (Figure 6A,B) . The DIC result showed that the D-SIMM result was more precise when diet proportion estimations were simulated by MCMC sampling (chain length = 1,000,000, burn in = 50,000, thin = 500, chains = 3).
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The identification of important feeding links between sources and consumers, and the definition of trophic structure through stable isotope analysis has been an active area in the last 40 years. However, it was previously unknown whether a clear view of dietary preference effects on diet estimation could be achieved from SIMM. Further, what we could learn from understanding the complexity and intricate linkages between dietary preferences and the SIMM framework was also unknown. Information about animal diets leads to insight into trophic interactions and niche variability. Through diet observation experiments, we confirmed that gastropods (T. cornutus) and sea urchins (A. crassispina) are semi-mobile jawed surface omnivores. In addition, sea urchins showed a more generalist diet selection in terms of MAC. Several studies have shown methods to estimate source-specific discrimination factors based on the isotopic signatures of food sources. Our species-specific discrimination results indicated that the discrimination factors of macroinvertebrates are species-source-specific and are affected by a discrimination process in organism tissues. Species-source-specific discrimination factors should be determined by lab-based experiments before added into SIMM. These results agree with the macroinvertebrate-source relationship of a dietary selection strategy and species-specific discrimination values described by Gates for rocky reefs in Australia (gastropods and sea urchins) and for Lake Erie in USA (mussels) [39, 40] .
For comparison between source data pools, since ANOVA is based on Z-distribution and our mixture model is based on posterior framework (multivariate normal distribution), we did not use ANOVA to test the differences of posterior estimation contribution between D-SIMM and SIMM data pools. SIBER (Stable Isotope Bayesian Ellipses in R) is often used to compare isotopic niche widths among and within communities. Beyond describing individual components of a community and isotopic structure of functional groups, here, we used SIBER as a robust and objective tool to compare the structures of the SIMM and D-SIMM data pools and to illustrate how dietary preferences affect the estimation of sources. The SIBER results supported the proposal that dietary preferences have effects on the isotopic data pool: significant differences in the δ 13 C range, TA, CD, NND and SDNND were observed (Figures 4 and 5 ) between SIMM and D-SIMM data pools (gastropods and sea urchins). For example, for the source data pool of SIMM, the TA was much higher than that in D-SIMM ( Figure 5) ; for NND and SDNND, the value shifted after being added into the diet selection information. These results were mainly due to the inclusion (0 < p i < 1, SIMM) or exclusion (p i = 0, D-SIMM) of certain potential sources as possible contributions to representative macroinvertebrates, causing the uncertainty to increase when estimating the mixture (consumers) using source data in SIMM (Figure 1 ) [41] . The above fact shows how the dietary preferences of macroinvertebrates affect structure of the isotopic data pool. Meanwhile, significant differences in the TA, SEA and SEA C of RMAC between gastropod and sea urchin D-SIMM (Table 5) were observed. For this reason, it is now clear that species-specific diet preferences of macroinvertebrates will alter the isotopic data pool structure and cause bias during the mixing process in SIMM and MCMC simulations.
Beyond using standard ellipses and Bayesian methodology to demonstrate how dietary preference affects isotopic data pools, SIMM and D-SIMM provide a distinct framework to investigate ecological effects on diet contribution estimation by addressing issues related to ecological factors in stable isotope mixture models. In the SIMM framework, changes to the mean diet contribution have been related to changes in dietary source concentrations, assimilation efficiencies and discrimination factors. Accordingly, in a D-SIMM framework, experimental studies extend the cause of variation in diet contribution estimation to the dietary preference of consumers and variance of species-source-specific discrimination processes. In this case, a large difference in diet contribution estimation was shown between SIMM and D-SIMM ( Figure 6 ). In comparison, between SIMM and D-SIMM, significant differences in diet proportion and high variability in terms of 95% Bayesian interval were observed in both gastropod and sea urchin D-SIMM (for example, gastropod-DMAC SIMM: 17.9-60.0% vs. gastropod-DMAC D-SIMM: 1.6-60.5%; gastropod-RMAC SIMM: 0.4-37.7% vs. gastropod-RMAC D-SIMM: 1.3-65.4%).
As diet estimates were used as inputs for other models, formally selecting the best estimate could allow for more accurate input to other models [42] [43] [44] . A likelihood-based estimation of parameters allows for formal model selection, using criteria such as Akaike's information criteria (AIC), Bayesian information criteria (BIC) and deviance information criteria (DIC), so that distinct alternative hypotheses can be evaluated in a statistically rigorous way [45, 46] . In our study, we used deviance information criteria (DIC) for model selection. The DIC is a hierarchical modelling generalization of the AIC and BIC, where the posterior distributions of the models have been obtained by MCMC simulation [47] . In contrast to existing SIMM models, the D-SIMM can incorporate various dietary processes via the process model and has relatively lower DIC values. Our results showed that D-SIMM ( Figure 6 ) is a more appropriate and precise model for tackling diet proportion estimation issues.
Diet Estimation of Representative Macroinvertebrate Species in Seaweed Beds
Food-webs in typical habitats have become a hot topic and have attracted attention worldwide, especially in highly productive and diverse habitats such as seaweed beds. However, due to the trophic source diversity in the seaweed bed habitat, the small-size spectrum of both primary and secondary production, and the feeding habits (such as grazing or filter-feeding) of certain predators, it is extremely difficult to supply sufficient and reliable data for a quantitative source-consumer relationship analysis of prey identification [48] . Meanwhile, although the components of potential sources in seaweed beds in GISB were isotopically distinct making the identification of the macroinvertebrate-source relationship feasible, the development of strong inferences required experimental manipulation of macroinvertebrate-specific diet selection strategies when multiple sources existed in the habitat. For indirect approaches, such as the SIA used in our study, the most critical limitation is SIA; it cannot provide taxa-specific information and it sometimes has difficulty confirming the ingestion of materials in the food-web. This was illustrated by the SIMM results whereby, without species-specific diet selection information the PHY and SPOM were shown to make contributions to both gastropods (T. cornutus) and sea urchins (A. crassispina) (Figure 6 ), while the diet selection experiment showed they cannot (p i = 0) feed on PHY and SPOM (Table 2) . Thus, although both gastropods (T. cornutus) and sea urchins (A. crassispina) were shown to use MAC as a food source (Table 2) , difference diet selection preferences for MAC were still found in species-specific MAC selection experiments (Table 3) . Our D-SIMM showed that D-SIMM could be used for the quantitative estimation of species-diet interactions in those which could not do stomach analyses.
The seaweed bed represents a subtidal complex system of pools characterized by a rich macroinvertebrate abundance and diversity, as well as a rich macroalgae community [49] . It is clear that there is a large difference in diet proportion estimations between different macroinvertebrate functional groups. Briefly, the multivariate analysis revealed two main pathways in seaweed beds: the detritus food chain and the grazing food chain. The detritus food chain had detritus (BPOM, SPOM and SOMA) as the main basal sources and mussel is a representative species of the detritus food chain. Specifically, BPOM and SOMA were observed as the main diets of mussels in seaweed bed habitats ( Figure 6C ). The second pathway is based on a grazing food chain and is composed of species that rely on macroalgae as the main source. Gastropods and sea urchins were identified as grazers in this study. For gastropods and sea urchins, the contribution of MAC (gastropod: RMAC, 28.0% and DMAC, 26.6%; sea urchin: RMAC, 23.6 and DMAC, 22.0%) and SOMA (gastropod: 35.6%, sea urchin: 50.5%) was more than 90% in total. Since seaweed habitats usually have strong benthos pelagic coupling effects, our diet estimation of mussel is in accordance with previous stable isotope analysis results [50] [51] [52] .
Previous studies showed SOM as mixing with a range of MAC debris, PHY detritus and benthic microalgae. Thus, the presence of a stable carbon ratio in SOM is affected by its source composition and varies across the habitat type. Notably, the δ 13 C of SOMA (−18.38 ± 0.73) is similar to the δ 13 C of MAC (DMAC: −14.55 ± 3.08 and RMAC: −17.04 ± 1.60) while the δ 13 C of SOMB (−21.95 ± 0.51) is close to the δ 13 C of PHY (−20.64 ± 0.92). Given the similarity in isotope values between SOMA (sedimentary organic matter in seaweed bed) and MAC, this result indicates that MAC contributed to SOMA in a greater proportion than other potential sources in seaweed beds. This is in accordance with the results reported in the Beagle Channel. Additionally, taking our result of a high MAC coverage in the seaweed bed and the high detritus contribution of MAC to SOM into consideration, combined with estimations of source contribution, we suggest that MAC and its debris are the basal trophic sources for T. cornutus, A. crassispina and S. virgatus in a seaweed bed habitat. The conservation of seaweed beds should be fully considered for the sustainable utilization of shellfish in coastal waters.
Conclusions
The development of the generalized linear mixture model has included trophic and non-trophic processes in the food-web. We suggest using D-SIMM and an integration of stable isotope and dietary preference observation data to study the species interactions between primary and secondary producers, as well as for species in which stomach analysis cannot be done (a common, critical problem in food-web structure and pattern analysis). In conclusion, MAC and its debris are key trophic sources for gastropods, sea urchins and mussels in seaweed bed habitats.
